In nature, the mechanical properties of geological bodies are very complex, and its various mechanical parameters are vague, incomplete, imprecise, and indeterminate. In these cases, we cannot always compute or provide exact/crisp values for the joint roughness coefficient (JRC), which is a quite crucial parameter for determining the shear strength in rock mechanics, but we need to approximate them. Hence, we need to investigate the anisotropy and scale effect of indeterminate JRC values by neutrosophic number (NN) functions, because the NN is composed of its determinate part and the indeterminate part and is very suitable for the expression of JRC data with determinate and/or indeterminate information. In this study, the lower limit of JRC data is chosen as the determinate information, and the difference between the lower and upper limits is chosen as the indeterminate information. In this case, the NN functions of the anisotropic ellipse and logarithmic equation of JRC are developed to reflect the anisotropy and scale effect of JRC values. Additionally, the NN parameter ψ is defined to quantify the anisotropy of JRC values. Then, a two-variable NN function is introduced based on the factors of both the sample size and measurement orientation. Further, the changing rates in various sample sizes and/or measurement orientations are investigated by their derivative and partial derivative NN functions. However, an actual case study shows that the proposed NN functions are effective and reasonable in the expression and analysis of the indeterminate values of JRC. Obviously, NN functions provide a new, effective way for passing from the classical crisp expression and analyses to the neutrosophic ones.
Introduction
According to the shear strength formula given by Barton [1] in 1973, the joint roughness coefficient (JRC) obtained effectively is quite a crucial parameter for determining the shear strength in rock mechanics. Various methods for determining the JRC values have been proposed by many scholars [2] [3] [4] [5] [6] [7] [8] [9] [10] since Barton [11] firstly introduced the concept of JRC. Since then there have also been many studies about the anisotropy and scale effect, which are two important characteristics of JRC in the sample sizes and measuring orientations. Barton and Bandis [12] proposed that the scale effect of roughness coefficient is one of the main reasons for the scale effect of mechanical behavior of rock mass through model test studies. Du et al. [13] found that the undulation amplitudes implied the negative scale effect and presented a good logarithmic function relationship with alternation sizes. Recently, Chen et al. [14] used the digital image processing (DIP) technique to retrieve the joint surface topography and a variogram function for characterizing the anisotropy of the joint surface roughness and to estimate the joint aperture. However, existing research methods can only deal For example, assume that a NN is z = 8 + 5I, where I [0, 0.5]. Thus, its determinate part is 8, its indeterminate part is 5I, and then there is z [8, 10 .5] for I [0, 0.5]. Furthermore, one can also specify some indeterminate range I [I L , I U ] to satisfy the actual applied requirements.
Let z 1 = a 1 + b 1 I and z 2 = a 2 + b 2 I be two NNs for I [I L , I U ]; their operational relations are given as follows [25] : 
JRC Data Obtained from an Actual Case
In real situations, we choose a natural joint surface sample to collect data from Changshan County of Zhejiang province in China as an actual case. The foliated slate rock is grayish, completed, and hard and has a dense structure. Its surface undulates from 1 cm to 2 cm and is lightly weathered. Then, a simple mechanical hand profilograph invented by Du [26] was employed to record the surface profiles by every interval of 15 • in [0 • , 360 • ] along the specified lines. Then, we intercepted samples from 10 cm to 100 cm at an interval of 10 cm in every orientation. Finally, we use the models proposed by Zhang et al. [27] to calculate the JRC values of each samples in different sizes and directions. By the statistical analysis of all JRC values of every sample, we can obtain the average values and standard deviations of all sizes in each direction, which are used in the following case analyses.
NN Functions for Describing the Anisotropic Characteristics of JRC

NN Functions of JRC in All Orientations
Here, we take a sample in the length of 20 cm as an example. All measured values and the mean values of JRC in every orientation on one polar plot are shown in Figure 1 . It can be found that the JRC values are randomly distributed from 0 to 20 in each orientation. Then, the JRC values in the orientations of 90 • and 270 • are smaller, while the JRC values in some orientations such as 0 • and 180 • are relatively greater. Performing a calculated analysis, the JRC average value and variance of each angle orientation are obtained by the statistical analysis. For example, the average value JRC mean and standard deviation σ of JRC values for 20 cm joint samples in the 0 • orientation are 9.653 and 1.716, respectively. The smaller standard deviation indicates that the data points tend to the mean value.
According to the statistical analysis, about 70% of the points focus on one area in Figure 1 , then most of the blue stars are crowded together. Hence, we may choose a robust range (confidence range) from JRC mean − σ(lower limit) to JRC mean + σ(upper limit) for describing the anisotropic characteristics. In Figure 1 , it is shown that these upper and lower limits can be approximately structured as one ellipse area. It is obvious that the JRC mean values and most of the sample data fall into the area between two red ellipses.
Based on the least square method, the upper and lower limits of JRC values are fitted by two ellipse envelopes for joint samples of each size. Then, according to the concept of NNs and the general parametric equations of the ellipse, the NN parametric equations of JRC can be written as:
where a 1 and a 2 are two radiuses of the inside ellipse envelope, and a 1 + b 1 I and a 2 + b 2 I are two radiuses of the outside ellipse envelope. Through the statistical analysis of all sizes, the indeterminacy I belongs to the interval [0, 0.5]. Then, b i (i = 1, 2) can be determined by the twice of the difference between the radii of the inside and outside ellipse envelopes. Each JRC value in Figure 1 is the distance from any point within the two ellipses to the coordinate origin. To express the JRC values in any orientation, by using Equations (3) and (5) we can derive the following NN function:
In order to reflect the changing rate of JRC(θ) in any orientation; here, we carried on the derivative operation of Equation (6) and obtain the following derivative Equation (7) so as to analyze the variation situations of anisotropy:
For example, when the length L = 20 cm in Figure 1 , the NN parametric equations with I [0, 0.5] can be obtained by the following steps:
Thus, we have the following NN function with I [0, 0.5]: The changing rate of JRC'(θ) is shown in Figure 2 . It is obvious that the changing curves of the inside and outside ellipse envelopes present periodicity and the changing rates fall into the range between two negative sine functions. 
The changing rate of JRC'(θ) is shown in Figure 2 . It is obvious that the changing curves of the inside and outside ellipse envelopes present periodicity and the changing rates fall into the range between two negative sine functions. 
The changing rate of JRC'(θ) is shown in Figure 2 . It is obvious that the changing curves of the inside and outside ellipse envelopes present periodicity and the changing rates fall into the range between two negative sine functions. By the similar method, we can obtain the NN functions of JRC(θ) and JRC'(θ) with I [0, 0.5] and various scales. Then, all of the results are shown in Tables 1 and 2 . 
Anisotropic Parameter
In 2009, Tatone [28] defined a parameter to quantify the anisotropy that is the ratio of the maximum directional roughness to the minimum directional roughness on the polar plots. Based on the anisotropic definition, we present the NN anisotropic parameter to characterize the degree of anisotropy for each size. Here, the maximum directional roughness is the semi-major axis of ellipse; the minimum directional roughness is the semi-minor axis of the ellipse. Hence, the NN anisotropic parameter is defined as the following form: Based on the NN anisotropic parameter ψ, the interval ranges of the anisotropic parameters of all sizes are shown in Figure 3 . 
Based on the NN anisotropic parameter ψ, the interval ranges of the anisotropic parameters of all sizes are shown in Figure 3 . Both the upper and lower bounds are fitted by the logarithmic curves, where the upper curve decreases and the lower curve increases as L increases. 
NN Functions for Reflecting the Scale Effect of Joint Surface Roughness
As we know, the roughness coefficient of a rock mass structure decreases with the increase of size, which is called the scale effect. In this section, we discuss this issue.
When the orientation is 15 • , the JRC values on the increase of the joint sample sizes are shown in Figure 4 , which apparently exhibit a negative scale effect. Then, the fitting curves present the logarithmic functions with monotonously-decreasing trends, and then both the upper and lower bounds are matched well.
Thus, the NN function JRC(L) and its derivative function JRC'(L) for I [0, 0.5] are given as: According to Equations (10) and (11), we have the following results: Figure 5 , the shaded part is the changing rate range of JRC'(L). It is monotonously increasing on the increase of L. Clearly, the scale effect phenomenon is more obvious in smaller sizes.
By the similar method, fitting results of other orientations can also be obtained, the fitting parameters, NN functions for JRC(L), and derivative functions for JRC'(L) are tabulated in Tables 3 and 4 . (11) where a1 and a2 are the fitting parameters of the lower bounds and b1 and b2 are the twice of the difference of the lower and upper bounds. In the NN function JRC(L), a1 + a2lnL is the determinate part and (b1 + b2lnL)I is the indeterminate part.
For example, in Figure 4 , a1 and a2 are 9.375 and −0.3999, respectively. Then, b1 and b2 can be obtained as follows: (10) and (11) 
In Figure 5 , the shaded part is the changing rate range of JRC'(L). It is monotonously increasing on the increase of L. Clearly, the scale effect phenomenon is more obvious in smaller sizes.
By the similar method, fitting results of other orientations can also be obtained, the fitting parameters, NN functions for JRC(L), and derivative functions for JRC'(L) are tabulated in Tables 3  and 4 . 
NN Function of JRC with the Two Variables θ and L
As analyzed above, we have obtained the anisotropy and the scale effect of JRC, respectively, which are the important characteristics of the rock joint samples. In this section, we shall describe a NN function with the two variables θ and L, under NN environments.
To find the relationship between the JRC values and the two variables θ and L, through numerical analyses, the trigonometric function polynomial of θ and L can fit into two smooth surfaces of the upper and lower bounds in the three-dimensional coordinate system, as shown in Figure 6 . It is obvious that all of the points of mean values fall between the upper and lower surfaces. That is to say, the uncertain range almost contains all JRC values. Thus, the fitting equations based on the upper and lower surfaces of JRC values are presented as follows:
JRC(θ, L) down = −0.4536lnL + 1.382sinθ + 3.866sin 2 θ + 1.039cos 3 θ − 32.03sin 4 By the partial derivative of Equation (12), we can obtain the changing rate functions of the scale effect and the anisotropy: By the partial derivative of Equation (12), we can obtain the changing rate functions of the scale effect and the anisotropy:
−88.426 sin 12 θ cos θ + 65.01 sin 14 θ cos θ.
Then, their changing rates are shown in Figures 7 and 8 .
Then, their changing rates are shown in Figures 7 and 8 . 
Discussion
In this study, we investigated the anisotropy and scale effect of indeterminate JRC values by some unary NN functions and two-variable NN function, respectively, based on an actual case analysis. Generally speaking, the JRC characteristics reflected by the two-variable NN function are more comprehension and offer more details, effectively indicating the anisotropy and scale effect of indeterminate JRC values simultaneously, although the NN function itself is more complex.
Obviously 
Obviously, the proposed NN functions can not only express the JRC values with indeterminate information effectively and reasonably instead of the crisp values of JRC in the existing literature, but also indicates the anisotropy and scale effect of the indeterminate JRC values completely/simultaneously. However, the existing classical analysis methods cannot express and deal with such types of indeterminate JRC values and may lose much more information. Then, the main advantage of NN functions is that the NN functions of JRC can express and deal with the indeterminate JRC values instead of the crisp JRC values and contain much more useful information under indeterminate (imprecise, unsure, and even completely unknown) environments. Hence, we use a NN function instead of any classical function/crisp function of JRC to express the indeterminate function of JRC because any NN function can approximate the average value function/crisp function of JRC. When there is no indeterminacy in the NN function, the NN function is degenerated to the crisp function. Since, in the real world, we cannot always compute or provide exact/crisp values for the JRC characteristics, we can at least approximate them by NN functions. However, any NN function can contain and approximate the average value function/crisp function in existing classical methods. Obviously, the NN function provides one effective way for passing from the classical crisp functions to the NN functions in analyzing the anisotropy and scale effect of JRC under indeterminate environments.
Conclusions
Based on the concept and operations of NNs, the two NN functions JRC(θ) and JRC(L) were developed for the first time to express the anisotropy and the scale effect of indeterminate JRC values, respectively. To indicate the anisotropic characteristic of JRC, the NN parameter ψ was defined to quantify the anisotropic degree. Additionally, the derivative functions JRC'(θ) and JRC'(L) were utilized to describe their changing rates in various measurement orientations and sample sizes. Finally, a two-variables NN function JRC(θ, L) was presented to express the indeterminate information of JRC values in the sample sizes and measurement orientations and to investigate the changing rates by its partial derivative functions. It is obvious that the NN functions can effectively express the uncertainties of JRC and provide a new effective way for the JRC expression and analysis under indeterminate environments. In future work, we have to extend the NN function to the shear strength expression and conduct analyses under indeterminate environments.
